I. INTRODUCTION
Anisotropic Nd-Fe-B based sintered magnets demonstrate highest energy density at room temperature among all types of permanent magnets. 1 However, they exhibit relatively low coercivity, which hinders their applications to traction motors in electric or hybrid vehicles. For these applications, the coercivity higher than 0.8 T at around 180 • C is required. Due to the relatively large temperature degradation of coercivity of sintered magnets, high coercivity of around 3 T must be attained at room temperature by substituting part of Nd with Dy or Tb in Nd-Fe-B based sintered magnets.
Anisotropic Nd-Fe-B hot-deformed magnets prepared from melt-spun ribbons have plateletshaped Nd 2 Fe 14 B grains with an average grain size of ∼250 nm in length and ∼100 nm in width. 2 Their temperature dependence of coercivity is substantially improved compared to Nd-Fe-B sintered magnets with average grain size of ∼5 µm due to the reduced stray field. 3 In addition, with improving the crystallographic texture, the remanent magnetization of anisotropic hot-deformed magnet can reach ∼1.4 T or higher that is comparable to commercial sintered magnets. Hence, anisotropic Nd-Fe-B hot-deformed magnets have the potential to be used as Dy-free Nd-Fe-B permanent magnets in traction motors of electric or hybrid vehicles.
However, the room temperature coercivity of Dy-free Nd-Fe-B hot-deformed magnets is limited to around 1.8 T. 3 Liu et al. 4 addressed the main reason is the enrichment of Fe and Co in the intergranular phase and suggested that the coercivity can be enhanced by modifying the chemical composition of the intergranular phases. The eutectic grain boundary diffusion process using low melting-point Nd-rich alloys as diffusion sources introduced by Sepehri-Amin et al. 5 was applied to hydrogen-disproportionation-desorption-recombination (HDDR) processed Nd-Fe-B powders and later extended to anisotropic Nd-Fe-B hot-deformed magnets using various types of Nd x M y eutectic alloys as diffusion sources, where M includes Al, Cu, Ga, Zn, Mn, Co, Ni and Fe. [6] [7] [8] Formation of non-ferromagnetic Nd-rich intergranular phases in the infiltrated magnets leads to a remarkable enhancement in coercivity while also causes a large reduction in remanent magnetization. Akiya et al. 9 reported that one reason for the large remanence reduction is the degradation of [001] texture of Nd 2 Fe 14 B grains, and proposed a way to overcome the issue by applying a constraint against volume expansion along the easy axis during the infiltration. However, the coercivity was limited below 2 T because of incomplete magnetic isolation with the Fe-rich intergranular phases that form along the side surface of the platelet-like grains.
We have been exploring for most ideal diffusion sources in order to achieve high coercivity without sacrificing remanence. Recently, Nakajima and Yamazaki reported a large coercivity enhancement in Ga-doped Nd-Fe-B sintered magnets from 1.0 T to 1.8 T by post-sinter annealing above 480 • C, 10 which is significantly larger than that commonly observed in standard sintered magnets. Sasaki et al. 11 reported that the grains in the Ga-doped magnets are magnetically isolated by the non-ferromagnetic Nd-rich intergranular phase, whose rare earth (Nd and Pr) composition is about 90%. These investigations motivated us to explore the Nd-Ga-Cu based alloys as diffusion sources for the eutectic diffusion process on hot-deformed magnets. 11 The hot-deformed magnets coated with Nd-Ga-Cu and Nd-Fe-Ga-Cu flakes respectively, were heat-treat at 600 o C for 3 h. Unlike the previous work, the eutectic diffusion process was applied without expansion constraint.
II. EXPERIMENTAL PROCEDURE
Hysteresis loops were measured with a super conducting quantum interface device vibrating sample magnetometer (SQUID-VSM). SEM observations were conducted using Carl ZEISS CrossBeam 1540EsB with surfaces polished by the built-in focused ion beam (FIB). Detailed characterizations were carried out by scanning transmission electron microscopy (STEM), with a probe aberration corrector, Titan 80-200. Scanning transmission electron microscopy energy-dispersive spectroscopy (STEM-EDS) maps were constructed using Nd-Lα, Fe-Kα, Co-Kα, Cu-Kα and Ga-Kα spectrum. TEM specimens were prepared by the lift-out technique on FEI Helios Nanolab 650.
III. RESULTS AND DISCUSSION
Hysteresis loops of the hot-deformed, Nd 80 Ga 15 Cu 5 and Nd 62 Fe 14 Ga 20 Cu 4 processed magnets are shown in Fig. 1(a) . The infiltrated samples show nearly the same coercivity (µ 0 H c ) of about 2.2 T, while the Nd-Fe-Ga-Cu diffusion-processed magnet exhibited smaller deterioration of remanent magnetization (µ 0 M r ) from the initial magnet, which was from 1.50 T to 1.30 T. However, the Nd-GaCu diffusion-processed magnet shows the remanence drop to 1.08 T. The values of M r /M s which is a direct indicator of the easy-axis alignment 12 are 0.94(6), 0.91(7) and 0.93(4) for the hot-deformed, Nd-Ga-Cu and Nd-Fe-Ga-Cu diffusion-processed magnets respectively.
The S-shaped initial magnetization curves reveal typical feature of domain wall pinning dominant magnetization process. 13 It starts from being highly susceptible with applied field corresponding to the domain wall displacement within the multi-domain grains, then enters a lower-susceptibility region when domain walls got pinned by the intergranular phases and followed by the magnetization rotation process reaching saturation. 14 The depinning field of the Nd-Fe-Ga-Cu and Nd-Ga-Cu diffusionprocessed magnet is 2.16 T and 1.91 T, respectively, which shows good correlations with their coercivity. Fig. 1(b) shows temperature dependence of coercivity of initial hot-deformed, Nd-Ga-Cu and NdFe-Ga-Cu diffusion-processed magnets, the temperature coefficient of coercivity (β) were calculated to be -0.478, -0.427 and -0.433% o C -1 , respectively. The temperature-dependent coercivity can be described using the phenomenological micromagnetic equation of H c (T) =αH A (T)-N eff M s (T). 15 α and N eff can be derived by taking a linear fit for the plot of H c (T)/M s (T) versus H a (T)/M s (T) as shown in Fig. 1(c) . α showed an increase from 0.34, that of initial sample, to 0.64 and 0.68 for Nd-Ga-Cu and Nd-Fe-Ga-Cu diffusion-processed samples, suggesting the reduction of defect regions after the diffusion process. 16 The Nd-Fe-Ga-Cu diffusion-processed sample has slightly larger N eff than Nd-Ga-Cu diffusion-processed sample. This is considered to be due to the higher degree of easyaxis alignment in the Nd-Fe-Ga-Cu diffusion-processed magnet 17 which in turn results in a larger localized demagnetizing field experienced by individual domains. This caused a slightly inferior thermal stability of the sample processed with Nd-Fe-Ga-Cu. Fig. 1(d) shows magnetic properties of Nd-Fe-Ga-Cu and Nd-Ga-Cu diffusion-processed samples with different infiltrated amount of diffusion sources, as given by the numbers beside the data points which is the weight gain ratio over initial samples. Compared with Nd-Ga-Cu processed samples, smaller remanence reduction is seen in Nd-Fe-Ga-Cu processed samples. When the comparison is made with other Nd-rich eutectic alloys reported in Ref. 7 , Nd-Fe-Ga-Cu alloy also shows unique merit as realizing coercivity improvement with smaller remanence deterioration. The inset figure shows the change of coercivity increment with increasing infiltration amount to initial magnets. It implies that Nd-Fe-Ga-Cu alloy can reduce the amount of applied diffusion sources to achieve the same level of coercivity. Fig. 2(a) ), surface and center regions of Nd-Ga-Cu (Figs. 2(b), (c) ) and Nd-Fe-Ga-Cu (Figs. 2(d) , (e)) diffusion-processed samples, observed from the transverse direction. The observations indicate thick Nd-rich intergranular phase(s) formed predominately on the flat facets (c plane) of Nd 2 Fe 14 B grains. Almost same amount of Nd-rich intergranular phase was observed in surface and center regions of the Nd-Fe-Ga-Cu diffusionprocessed sample, indeed its areal fraction varies from 14% to 13%. However it shows an apparent decrease from 24% to 13% in the Nd-Ga-Cu diffusion-processed sample. This indicates more efficient infiltration of Nd-Fe-Ga-Cu alloy upon melting. Moreover, unlike the degraded crystallographic texture in Nd-Ga-Cu diffusion-processed sample, most of the Nd 2 Fe 14 B grains are well aligned in Nd-Fe-Ga-Cu diffusion-processed sample. Fig. 3(a) shows the superimposed elemental map taken from Nd-Ga-Cu diffusion-processed sample with Nd displayed in red, Fe in green and Ga in cyan. The enrichment of Nd and Ga and the depletion of Fe are observed in the intergranular phase. Two types of intergranular phases are observed: one is highly enriched in Ga (hereafter denoted as Nd-rich phase 1) another contains higher amount of Nd (Nd-rich phase 2). Nd-rich phase 1 with the composition of Fe 6.3 Nd 60.9 Ga 17.1 Co 8.1 Cu 7.6 at. % determined from the line-scan profile (Fig. 3(c) ) was identified to be fcc structure with a = 5.534 Å. and its structure is indexed as Ia3 type with a = 1.052 nm. 19 Near the interface, segregation of Ga, Cu and Co was also found. Fig. 4(a) is a superimposed elemental map of the Nd-Fe-Ga-Cu diffusion-processed sample. Two types of intergranular phases are observed, one is containing more Ga (Nd-rich phase A) and the other is more enriched with Nd (Nd-rich phase B). The interface between Nd-rich phase A and Nd 2 Fe 14 B phase shown in Fig. 4(b) displays a bilayer lattices, composed with Nd and Fe atoms which could be seen from the shoulder feature in the Nd and Fe line-scan profiles (Fig. 4(c) ). The line-scan analysis gives the composition of Nd-rich phase A as Fe 8.4 Nd 57.5 Ga 15.8 Co 9.3 Cu 9.0 and it was determined as the hcp structure, with a= 6.878 Å, c= 5.397 Å. On the other hand, Nd-rich phase B has the composition of In fact, if we perform tilt experiment to the Nd-rich phase B, we found it formed in nanocrystalline with varied crystallographic orientations as shown in Fig. 4(e) . When we tilt the beam to be oriented with the zone-axis of region I to make it atomically resolved then region II could only be resolved as 1D-lattice fringe, region III appearing to be free of any lattice fringes. This also suggests that the Nd-rich intergranular phase doesn't hold a preferential crystallographic relationship with the matrix phase.
Fig. 2 compares BSE SEM images obtained for initial hot-deformed (
These STEM images have provided detailed information on the microstructure of Nd-rich intergranular phases of the Nd-Ga-Cu and Nd-Fe-Ga-Cu diffusion-processed samples. These Nd-rich phases are believed to be non-ferromagnetic based on the low Fe concentration, 20 which would provide an exchange decoupling between Nd 2 Fe 14 B grains. However, since the texture development is affected by the grain boundary curvature 21 and also grain growth behavior, 22 to figure out the mechanism of texture evolution, a molecular dynamic simulation separating different mechanisms is necessary.
We have demonstrated Nd-Fe-Ga-Cu processed magnet retains high remanence due to efficient infiltration and less-distorted texture. However, poor control over texture establishing limits the potential of this eutectic grain boundary diffusion process. Recent report on the fabrication of highly anisotropic nanocomposites by a multi-field coupling deformation process 23, 24 made great progress towards the controllable synthesis of hybrid nanostructures, which also shed a light on our research journey on seeking for the possibility of restoring the texture of the diffusion-processed magnets.
IV. CONCLUSIONS
Nd 62 Fe 14 Ga 20 Cu 4 and Nd 80 Ga 15 Cu 5 have been used as diffusion sources of the eutectic grain boundary diffusion process on the hot-deformed magnets. When Nd-Fe-Ga-Cu and Nd-Ga-Cu diffusion-processed magnets show nearly the same coercivity of 2.2 T, smaller degradation of remanence was realized in the Nd-Fe-Ga-Cu diffusion-processed magnet, from 1.50 T to 1.30 T. On the other hand, a substantial deterioration to 1.08 T was observed in the Nd-Ga-Cu diffusionprocessed magnet. Based on SEM characterizations, the smaller deterioration in remanence is attributed to the smaller volume fraction of Nd-rich intergranular phases and a higher degree of easy-axis alignment. TEM observations confirmed the Nd-rich intergranular phase(s) formed in Nd 62 Fe 14 Ga 20 Cu 4 diffusion-processed magnet has the Ia3 and hcp structure, while those in the Nd 80 Ga 15 Cu 5 diffusion-processed magnet have the Ia3 and fcc structures. These phases are considered to be non-ferromagnetic, which decouple the inter-grain exchange coupling.
